Aims/hypothesis Short and long sleep duration are associated with increased risk of type 2 diabetes. We aimed to investigate whether genetic variants for fasting glucose or type 2 diabetes associate with short or long sleep duration and whether sleep duration modifies the association of genetic variants with these traits. Methods We examined the cross-sectional relationship between self-reported habitual sleep duration and prevalence of type 2 diabetes in individuals of European descent participating in five studies included in the Candidate Gene Association Resource (CARe), totalling 1,474 cases and 8,323 controls. We tested for association of 16 fasting glucose-associated variants, 27 type 2 diabetes-associated variants and aggregate genetic risk scores with continuous and dichotomised (≤5 h or ≥9 h) sleep duration using regression models adjusted for age, sex and BMI. Finally, we tested whether a gene × behaviour interaction of variants with sleep duration had an impact on fasting glucose or type 2 diabetes risk.
Results Short sleep duration was significantly associated with type 2 diabetes in CARe (OR 1.32; 95% CI 1.08, 1.61; p =0.008). Variants previously associated with fasting glucose or type 2 diabetes and genetic risk scores were not associated with sleep duration. Furthermore, no study-wide significant interaction was observed between sleep duration and these variants on glycaemic traits. Nominal interactions were observed for sleep duration and PPARG rs1801282, CRY2 rs7943320 and HNF1B rs4430796 in influencing risk of type 2 diabetes ( p <0.05). Conclusions/interpretation Our findings suggest that differences in habitual sleep duration do not mediate or modify the relationship between common variants underlying glycaemic traits (including in circadian rhythm genes) and diabetes. 
Introduction
Several cross-sectional epidemiological studies have reported an association between short (<6 or <5 h/night) and long sleep duration (>9 h/night) with increased risk of impaired glucose tolerance (IGT) and/or type 2 diabetes, independent of BMI [1] [2] [3] [4] [5] [6] . Prospective longitudinal studies suggest that this relationship is causal and that short or long sleep duration at baseline predicts subsequent development of type 2 diabetes [7] [8] [9] [10] [11] [12] [13] .
In-laboratory studies of experimental sleep restriction confirm and extend these findings. Marked alterations in glucose metabolism, including decreased glucose tolerance and insulin sensitivity, were first demonstrated in 11 healthy young adults subjected to recurrent partial sleep restriction (4 h per night for six nights) [14] . In 20 healthy men, sleep restriction (5 h/night) for 1 week significantly reduced insulin sensitivity as measured by a hyperinsulinaemic-euglycaemic clamp [15] . Prolonged sleep restriction and concurrent circadian disruption (3 weeks of 5.6 h/24 h in recurring 28 h sleep/wake cycles) resulted in increased postprandial plasma glucose levels due to inadequate pancreatic insulin secretion [16] .
The mechanistic links between sleep and glucose metabolism are poorly understood [17, 18] . It is not known whether the sleep duration-type 2 diabetes relationship reflects underlying shared genetic mechanisms, or whether habitual sleep duration is primarily a behavioural risk factor contributing to increased risk of diabetes. Evidence supporting the existence of a shared underlying genetic mechanism comes from Clockdeficient mice, which have disruption of both sleep duration and glucose metabolism [19] , and from recent genome-wide association studies (GWAS) reporting that variants in two loci related to sleep, MTNR1B (encoding melatonin receptor 1B, one of two receptors for the sleep-promoting hormone melatonin) and CRY2 (encoding cryptochrome 2, a core clock gene), are associated with increased fasting glucose levels and/or risk of type 2 diabetes [20] [21] [22] [23] . Recent studies have examined the association between MTNR1B type 2 diabetes risk variants and sleep disturbances, including sleep duration, but no association was observed [24, 25] .
The objective of this study was to use a large sample of participants with European ancestry and with cross-sectional sleep and glycaemic trait measures to test the following: (1) whether previously established genetic variants for type 2 diabetes or fasting glucose or combined genetic risk scores are associated with habitual, self-reported sleep duration, which would suggest shared underlying causal mechanisms; or (2) whether habitual sleep duration modifies the association between genetic variants and type 2 diabetes or fasting glucose, which would provide information on the interaction of sleep habits with genetic susceptibility to type 2 diabetes.
Methods
Study sample Participants were European American participants in the Candidate Gene Association Resource (CARe) study, which was comprised of five National Institutes of [26] . Study participants in the five original NHLBI studies gave informed consent and CARe study investigations were approved by the responsible institutional review boards.
The CARe study undertook genotyping of ∼50,000 single nucleotide polymorphisms (SNPs) in ∼2,000 cardiovascular candidate genes in European Americans using a gene-centric genotyping array, with the aim of identifying loci for complex traits measured in the NHLBI component studies. The study design and methods have been described previously [26] . In the cross-sectional analyses presented here, we included all subjects for whom type 2 diabetes status, fasting glucose and self-reported habitual sleep duration was ascertained within a 12 month period. Subjects were excluded if they had missing data for age, sex, BMI (calculated as weight in kilograms divided by square of height in metres), type 2 diabetes status or sleep duration. The total number of subjects included was 9,797 (1,474 type 2 diabetes cases and 8,323 controls). Overall, 4,323 individuals with genotyping data were excluded from cross-sectional analysis because of missing information on age (n =34), BMI (n =54), type 2 diabetes (n =4,175) and/ or sleep duration (n =1,808). While the prevalence of type 2 diabetes did not differ significantly between subjects with and without sleep duration data, the average sleep duration was significantly longer (6 min) in subjects with type 2 diabetes than in subjects without (p <0.05). This exclusion biases towards long sleep duration in the analyses presented here, and is expected to result in a slight underestimation of effect size for relationship between short sleep duration and type 2 diabetes.
Type 2 diabetes cases were defined based on an individual meeting at least one of the following criteria: (1) the American Diabetes Association (ADA) 2003 criteria [27] ; (2) fasting (8 h or longer) glucose ≥7 mmol/l (≥126 mg/dl); (3) 2 h glucose ≥11.1 mmol/l (≥200 mg/dl) during an oral glucose tolerance test (OGTT); (4) use of glucose-lowering medications; (5) non-fasting plasma glucose >11.1 mmol/l (>200 mg/dl); (6) physician/self-report of diabetes, as previously described [28] . Cases were selected with age ≥25 years at the time of diagnosis or at exam visit. Controls within each study were individuals not classified as type 2 diabetes cases, with age at examination ≥25 years. For the ARIC and CHS studies with OGTT measures, controls with normal glucose tolerance (NGT) were defined as non-diabetic individuals with 2 h glucose <7.8 mmol/l (<140 mg/dl) during an OGTT.
Habitual sleep duration was assessed by questionnaires [29] [30] [31] . Usual sleep time was defined as the response to the following cohort-specific questions: for ARIC, the Sleep Heart Health Study (SHHS) [29] , component of FHS and for MESA, 'How many hours of sleep do you usually get at night (or your main sleep period) on weekdays or workdays?'; for CARDIA, [30] 'During the past month, excluding naps, how many hours of actual sleep did you get at night (or day, if you work at night) on average?'; for CHS [31] , 'In a usual 24-hour period, how many hours do you spend sleeping during the night?'. Subjects reporting sleep duration ≤3 h or ≥14 h and reporting shift work were excluded. Clinical and sleep duration characteristics of the study populations are described in Table 1 . Two questions on sleep medication were available for FHS SHHS ('Do you take sleeping pills at least 1 day per week?' and 'How often do you take sleeping pills or other medication to help you sleep?'). In FHS SHHS and MESA, self-report or physician diagnosis of sleep apnoea was assessed by questionnaire based on the answers to the following questions: 'Have you ever been told by a doctor that you have sleep apnea?' (FHS SHHS) or: 'Do you have sleep apnea or obstructive sleep apnea?' (MESA).
Relationship between sleep duration and type 2 diabetes The relation between sleep duration and type 2 diabetes was assessed in all five cohorts. Sleep duration was recorded to the nearest hour in ARIC, FHS SHHS, MESA and CHS and to the nearest half hour in a subset of CARDIA. The percentage of individuals with diabetes was examined in each of seven categories of self-reported sleep duration: 4, 5, 6, 7, 8, 9, 10 h or more (for this analysis, CARDIA half-hour values were rounded up to the next hour; Fig. 1 ). Association between type 2 diabetes and dichotomised short sleep duration (≤5 h) or long sleep duration (≥9 h) was assessed by logistic regression analysis relative to normal sleep duration (defined as sleep duration of 6, 7 or 8 h, categories which fall within one SD from the mean observed in both type 2 diabetes cases and controls; Table 1) , with all analyses adjusted for age, sex and BMI. Association analyses were performed in R version 2.14.0 (http://www.r-project.org).
Genotyping, quality control and single nucleotide polymorphism selection Genotyping and quality control for >53, 000 SNPs from 2,000 cardiovascular candidate genes were performed by the central analysis group of the CARe consortium as previously described [32] . Briefly, the Illumina Itmat-Broad-CARe (IBC) SNP array was used for genotyping of all samples from the study and SNPs were clustered into genotypes using the Illumina Bead Studio software (Illumina, San Diego, CA, USA). Quality control was performed both for individual samples and individual SNPs. Samples with <90% individual call rate and non-European ancestry, as determined by principal component analysis using Eigenstrat [33] , and SNPs with <95% call rate were removed.
To evaluate as many GWAS-identified genetic variants for type 2 diabetes and fasting glucose as possible that were present on the array, we selected the closest proxy on the IBC chip for previously reported (prior to January 2012) genome-wide significant genetic variants associated with fasting glucose levels [21] Tables 1, 2 ). For the fasting glucose genetic risk score, we also included type 2 diabetes variants associated with fasting glucose in the Meta-Analyses of Glucose and Insulin-related Traits Consortium (MAGIC) meta-analysis with p <10 −3 [34] . Sixteen variants for fasting glucose and 27 for type 2 diabetes were available with differing statistical power to detect glycaemic trait associations (ESM Tables 1, 2 ). The content on the array is biased towards gene regions and, more specifically, towards candidate genes for cardiovascular disease [32] , therefore genotypes for 15 additional GWAS-identified glycaemic trait variants were not available. Nonetheless, SNPs on the IBC array capture common association signals with the strongest known genetic effects for both fasting glucose and type 2 diabetes in European populations because index SNPs at loci known by 2009 were prioritised during array design.
Statistical analysis Genetic association analysis for continuous and dichotomised sleep duration was performed separately in each study using linear or logistic regression analysis in the software package PLINK [35] . Each SNP or genetic risk score was coded in an additive manner and additional adjustment for age, sex, BMI and type 2 diabetes status was performed. Meta-analysis was performed using a fixed-effect, inverse-variance approach as implemented in the program METAL [36] . Study-wide significance was assessed after Bonferroni correction for the number of independent hypotheses tested (33 hypotheses including six association signals for fasting glucose only, 17 signals for type 2 diabetes only and 10 overlapping signals; p <0.0015). SNP × sleep duration interaction analysis for fasting glucose in non-diabetic individuals was performed using a linear regression model with SNPs coded in an additive Diabetic patients (%)
Mean sleep duration (h) Fig. 1 For genetic risk score (GRS) analyses, in each individual we generated an average unweighted multi-SNP genotypic risk score from 27 genome-wide significant type 2 diabetes SNPs, by summing the number of risk alleles for type 2 diabetes across the selected loci and dividing by the number of non-missing SNPs and a weighted genotypic risk score by weighting each risk allele by its previously reported effect size. We evaluated the contribution of both GRSs to type 2 diabetes in logistic regression models adjusting for age, sex and BMI. Furthermore, a GRS of 16 fasting glucose SNPs was calculated as described above. The contribution of the GRSs to fasting glucose was evaluated in linear regression models adjusting for age, sex and BMI. We report results for the more conservative unweighted risk score, but weighting risk variants by previously reported effect sizes did not substantially alter the results (data not shown).
Results
Short sleep duration is significantly associated with prevalence of type 2 diabetes in CARe We examined the association between sleep duration and risk of type 2 diabetes using a logistic regression model adjusting for age, sex and BMI for each dataset in CARe. Short sleep duration (5 h or less) was associated with increased risk of type 2 diabetes relative to normal sleep duration (6) (7) (8) ) and MTNR1B, G6PC2, GCK, GCKR, TCF7L2 and SLC30A8 variants. Nominal associations were confirmed at six additional loci (ESM Table 5 ). We also confirmed study-wide significant association with risk of (Table 3 and ESM Tables 7-9 ). Nominally significant associations were seen for the ADAMTS9 region rs4607103 type 2 diabetes risk allele with longer average sleep duration and for the FADS1 rs1535 fasting glucose raising allele and NOTCH2 region rs10923931 type 2 diabetes risk allele with shorter average sleep duration (p =0.023, p=0.032 and p =0.037, respectively; ESM Table 7 ). The PPARG rs1801282 G allele, which is protective for type 2 diabetes, was also nominally associated with short sleep duration ( p =0.011; ESM Table 8 ). A genetic risk score of 13 fasting glucose-raising alleles in non-diabetic individuals or of 27 type 2 diabetes risk alleles in all samples did not significantly associate with either short or long sleep duration ( p >0.05; Table 3 ). No difference was seen in models re-analysed without adjustment for BMI (data not shown).
Sleep duration does not modify the association of genetic variants with fasting glucose or type 2 diabetes To examine whether sleep duration modifies the effect of key variants on fasting glucose, we tested for interaction between sleep duration and each SNP in influencing fasting glucose levels in non-diabetic individuals (n ∼8,219). No significant SNP × average sleep duration interaction was observed ( p >0.05 for all SNPs; ESM Table 5 ). However, tests of interaction between SNPs and dichotomised sleep duration in influencing fasting glucose levels identified a PPARG rs1801282 × short sleep interaction (n =7,284; ESM Table 10 and ESM Fig. 1 ) and an HMGA2 rs17179453 × long sleep interaction (n =7, 266; ESM Table 11 and ESM Fig. 1 ). We next performed SNP × sleep duration interaction analyses for type 2 diabetes in the entire sample (n ∼9,920 subjects), but again, no study-wide significant interaction was observed. Nominally significant interactions were observed between SNPs at the PPARG, CRY2 and HNF1B loci and sleep duration (p <0.05; ESM Fig. 2 and ESM Table 6 ) although the overall type 2 diabetes association signal at each locus was not significant. In subset analyses of SNP interaction with dichotomised short sleep duration, both the CRY2 and PPARG SNP × behaviour interactions remained nominally significant (ESM Fig. 3 and ESM Tables 12, 13 ).
Discussion
In five CARe cohorts comprising a total of >9,000 individuals of European ancestry, we found that short habitual sleep duration is significantly associated with increased prevalence of type 2 diabetes. However, we also found that previously established genetic variants for type 2 diabetes or for fasting glucose, either singly or in aggregate, are not associated with habitual, self-reported sleep duration, suggesting little shared genetic causal mechanisms. In addition, habitual sleep duration does not significantly modify the association between genetic variants and type 2 diabetes or fasting glucose, suggesting that it is not a behaviour that influences the effect of known genetic variants on glycaemic traits.
Our results confirm and extend the association between self-reported short sleep duration and risk of type 2 diabetes observed in previous studies [1, 3-10, 13, 16-18] or in subsets of the current study [2, 37] . While our entire dataset considered individuals with both NGT and IGT as being nondiabetic, restricting controls to individuals with NGT in a subset of our sample showed a greater effect of short sleep duration on type 2 diabetes risk, as previously reported [2] . We did not replicate the relationship between long sleep duration and diabetes, although the direction of effect was consistent with previous reports [8] and a meta-analysis of our study with available data from two previous cross-sectional studies [1, 6] was significant (OR 1.29 [1.10, 1.51], p =0.0015).
Our study is large and has >99% power to detect previously reported associations between short and long sleep duration and diabetes, and has >80% power to detect SNP associations of >5 min change in average sleep duration, which might mediate association with type 2 diabetes at study-wide significance (Quanto version 1.2: http://hydra.usc.edu/gxe/). Some limiting features of the phenotype data reduce power to detect true associations. First, an assessment of sleep duration in CARe was based on self-report, which may misclassify sleep duration when compared with objective measures using actigraphy or polysomnography [38, 39] . Second, the questions used to determine sleep duration differed slightly between the cohorts (in estimate of weekday vs average weekly sleep duration); however, a post hoc sub-analysis of cohorts limited to weekday sleep duration found similar results (not shown). Third, our study only addresses sleep duration, which may be a heterogeneous, cumulative outcome dependent on genetic, environmental, social and workplace factors in addition to other sleep disturbances and circadian misalignment. Fourth, sleep duration and its relationship with type 2 diabetes may be influenced by disorders such as sleep apnoea or depression, or by use of sleep medications. However, these data were not available from a large enough population to be included as covariates in association analyses across all datasets. Finally, the analyses presented here are based on cross-sectional observations, and studies with longitudinal measurement of sleep duration and incident diabetes outcome may yield greater insights into subtle causal genetic effects underlying both traits. We did not identify significant association of known fasting glucose or type 2 diabetes genetic variants with sleep duration, either singly or in aggregate, suggesting that sleep duration and type 2 diabetes do not share causal genetic pathways. In addition to SNPs at MTNR1B, a gene associated with one of two receptors for the circadian and sleep-promoting hormone melatonin, and CRY2, a core circadian clock gene, we tested several glycaemic trait loci harbouring genes that have been implicated in circadian rhythms including PROX1 [40] and PPARG [41, 42] . Circadian regulation is one of two major physiological processes contributing to sleep [43] . However, shared genetic determinants between sleep duration and diabetes in the circadian pathway were not identified in our study, perhaps because circadian processes regulate timing of sleep/ wake propensity and therefore only have an indirect impact on sleep duration. Our findings are consistent with those of previous studies [24, 25] and with recent observations that type 2 diabetes and glucose SNPs primarily act in peripheral tissues to influence insulin secretion or insulin resistance [44] . No robust, genome-wide significant associations for sleep duration have yet been reported so we could not use a Mendelian randomisation genetic approach to evaluate the causal role of sleep duration in influencing risk of type 2 diabetes.
Our results also suggest that sleep duration does not strongly modify the association of genetic variants with fasting glucose or type 2 diabetes. Nominal interactions were seen with PPARG, CRY2 and HNF1B SNPs, but the impact of sleep duration on type 2 diabetes risk differed by risk genotypes across the genetic loci. For PPARG and HNF1B SNPs, carriers of the diabetic risk allele had blunted association between sleep duration and risk of type 2 diabetes as compared with noncarriers, whereas for the CRY2 SNP, short sleepers carrying the glucose-raising allele showed greater risk of type 2 diabetes than non-carriers. Since CRY2 variants may alter the biological clock and influence the timing of endogenous rhythms, modification of the association to risk of type 2 diabetes by sleep duration or sleep and wake timing is an attractive hypothesis that warrants future validation using objectively assessed sleep duration and timing measures in larger study samples.
In summary, while short sleep duration is associated with increased risk of type 2 diabetes in the CARe study, sleep duration does not mediate or significantly modify the association of genetic risk variants with type 2 diabetes or fasting glucose. Improvement of sleep duration habits might thus influence glycaemic trait outcomes equally across individuals regardless of an individual's genetic risk of type 2 diabetes.
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